Csapo R, Hodgson J, Kinugasa R, Edgerton VR, Sinha S. Ankle morphology amplifies calcaneus movement relative to triceps surae muscle shortening. J Appl Physiol 115: 468 -473, 2013. First published June 6, 2013 doi:10.1152/japplphysiol.00395.2013.-The present study investigated the mechanical role of the dorsoventral curvature of the Achilles tendon in the conversion of the shortening of the plantarflexor muscles into ankle joint rotation. Dynamic, sagittalplane magnetic resonance spin-tagged images of the ankle joint were acquired in six healthy subjects during both passive and active plantarflexion movements driven by a magnetic resonance compatible servomotor-controlled foot-pedal device. Several points on these images were tracked to determine the 1) path and deformation of the Achilles tendon, 2) ankle's center of rotation, and 3) tendon moment arms. The degree of mechanical amplification of joint movement was calculated as the ratio of the displacements of the calcaneus and myotendinous junction. In plantarflexion, significant deflection of the Achilles tendon was evident in both the passive (165.7 Ϯ 7.4°; 180°r epresenting a straight tendon) and active trials (166.9 Ϯ 8.8°). This bend in the dorsoventral direction acts to move the Achilles tendon closer to the ankle's center of rotation, resulting in an ϳ5% reduction of moment arm length. Over the entire range of movement, the overall displacement of the calcaneus exceeded the displacement of the myotendinous junction by ϳ37%, with the mechanical gains being smaller in dorsi-and larger in plantarflexed joint positions. This is the first study to assess noninvasively and in vivo using MRI the curvature of the Achilles tendon during both passive and active plantarflexion movements. The dorsoventral tendon curvature amplifies the shortening of the plantarflexor muscles, resulting in a greater displacement of the tendon's insertion into the calcaneus compared with its origin. amplification factor; Achilles tendon; calcaneus displacement; spintag MRI THE HUMAN LOCOMOTOR SYSTEM provides a number of elaborate features to regulate the force and velocity of movements resulting from muscle fiber shortening downstream of the force-producing cells. The biomechanical study of these features has long been a subject of scientific interest (11, 13, 16) , as any mechanical advantages provided for by the passive locomotor system allow for a more efficient translation of muscular efforts into movements around joints (8) and, therefore, directly affect the energetics of locomotion. Ultimately, knowledge of the interactions between muscles, tendons, and joints is directly applicable to clinical routine, be it in musculoskeletal rehabilitation (7) or tendon transfer surgery (24).
THE HUMAN LOCOMOTOR SYSTEM provides a number of elaborate features to regulate the force and velocity of movements resulting from muscle fiber shortening downstream of the force-producing cells. The biomechanical study of these features has long been a subject of scientific interest (11, 13, 16) , as any mechanical advantages provided for by the passive locomotor system allow for a more efficient translation of muscular efforts into movements around joints (8) and, therefore, directly affect the energetics of locomotion. Ultimately, knowledge of the interactions between muscles, tendons, and joints is directly applicable to clinical routine, be it in musculoskeletal rehabilitation (7) or tendon transfer surgery (24) .
One well-described gear mechanism affecting the degree of joint rotation resides within the muscles themselves and is associated with the dynamic changes of the arrangement of muscle fascicles during contraction. In pennate muscles, fascicles rotate about their origin, with the separation between the aponeuroses generally believed to be constant (22, 25) , thereby increasing both the angle of pennation (12) and the overall amount of muscular shortening (2, 5) . This first mode of amplification is typically referred to as architectural gear ratio. MRI-based studies performed by our group have demonstrated that architectural gear ratios may vary along the proximodistal length of the muscle and are dependent on contraction mode and typically lie between 1.0 and 1.3 in the gastrocnemius medialis muscle (19) . A second mode of amplification is hypothesized based on previous reports that suggest that the insertion of the Achilles tendon on the calcaneus may move more than twice the distance a muscle fascicle shortens during contraction (6) . Hence, it is unlikely that the total mechanical gain observed in terms of final calcaneus movement to muscle fiber strain may be attributed entirely to the architectural gear ratio alone.
The anatomy of the ankle joint must therefore provide for a further mechanism to amplify the displacement of the calcaneus. Here, the behavior of the Achilles tendon (AT) may play a particularly interesting role, in terms of its morphology and elastic properties. In cyclic movements, the elastic energy stored in a prestretched tendon is released during tendon recoil. As studies performed in both animals (17) and humans (4) have demonstrated, this mechanism may supply considerable mechanical work and, consequently, affect the mechanical gains observed during different movement phases. In addition to its elastic properties, the shape of the tendon might also play a role. Studies based on ultrasonography (1), MR imaging (6) and three-dimensional kinematic analyses (23) have suggested that the AT is curved in the dorsoventral direction. Intriguingly, AT curvature was also evident during muscular contraction (6) when, according to standard mechanical reasoning, the pull of the triceps surae muscle should force the tendon to describe a perfectly straight line. Curvature of the AT would reduce, in a joint-angle dependent manner, the length of AT moment arms and, consequentially, increase the degree of angular displacement resulting from a given skeletal muscle's linear pull (24) . Following this reasoning, we hypothesized that the curvature of the AT provides an opportunity for a second mode of mechanical amplification of the shortening of the plantarflexor muscles, resulting in a greater displacement of the tendon's insertion on the calcaneus compared with its origin.
To test this hypothesis and elucidate the details of the mechanics involved, we used dynamic, gated MR imaging using spin-tags in the sagittal plane, in a sample of six healthy subjects, to "tag" the position of several points along the AT from the myotendinous junction to the calcaneus and determine the displacements of the tendon's most proximal and most distal regions during both passive and active plantarflexion movements and thereby calculate the amplification factor of this mechanism.
MATERIALS AND METHODS
Subjects. Six male human subjects (age: 34.4 Ϯ 6.3 yr, height: 176.4 Ϯ 6.3 cm, mass: 71.7 Ϯ 5.8 kg) were recruited for the study after signing the Institutional Review Board approved consent form. Exclusion criteria for the subjects included professional athletes, the usual contraindications for MRI (pacemaker, metallic implants, claustrophobia, etc.), but most importantly any orthopedic procedures previously performed in the lower leg, particularly surgical repair of ruptured AT.
MRI protocols. The overall MR imaging protocol has been described earlier (20) and is presented only briefly here. The spin-tag method is a particular MR imaging procedure in which motion of tissue during regular cyclical displacement can be quantified noninvasively by monitoring the distortions of "spin-tag" lines, which initially start out as straight lines (or grids) but distort during subsequent motion. These spin-tags are created by a series of radiofrequency pulses in the MR imaging pulse sequence. Tissue displacement can be monitored by following the intersection of the stripes with any tissue anatomical landmarks (as in the present study) or the intersection points of the grid in the case of grid-tagging (which was not optimal for the present study). One of the drawbacks of the spin-tag imaging method is that the tag lines fade out during the 2-s foot-movement cycle in ϳ600 ms because of the magnetic property of T1 or spin-lattice relaxation time, necessitating two separate acquisitions with two different triggers during the foot movement cycle. The lower (dominant) legs of all subjects were scanned on a 1.5-T GE Signa Ver. 12 MR scanner (GE Healthcare, Milwaukee, WI) with a spine coil, leg first and supine, with TE/TR/FA of 4.3 ms/11 ms/20°, 30 cm FOV (256*160 matrix) with 0.6 phase FOV, 8 views/segment, 22 images/contraction cycle. A computer-controlled, servomotor drove a master piston-cylinder device (21) outside the magnet room. It pumped hydraulic fluid in prescribed/programmed cyclical manner through a long hydraulic/plastic tube, piped through a wave-guide hole to the back of the magnet. The other end of the tube was attached to a slave piston-cylinder in a foot-pedal device positioned on the spine coil inside the magnet bore. This piston drove a foot-pedal, to which the subject's foot was taped. The ball of the foot rested on a carbon-fiber plate, to which an optical Fabry-Perot interferometerbased pressure transducer was glued. Care was taken to align the rotating axis of the ankle with that of the foot-pedal. Furthermore, to reduce any gross motion of the lower leg, the leg was encased and secured by Velcro straps anchored to the base of the foot-pedal device. Changes in the length of the optical cavity caused by pressure exerted by the foot were sensed and transmitted via a fiber optical cable to a spectrometer (Luna Innovations, Roanoke, VA) stationed outside the magnet room. Voltage changes arising from the pressure exerted by the foot, output by this module, with the use of a few further indigenous electronic modules were 1) used for producing an electrocardiogram (EKG)-like trigger pulse to gate the MR scanner for gated cine acquisition, 2) video-projected on the face of the magnet visible to the supine subject as a biofeedback, and 3) digitally stored in a computer (along with the trigger pulse) for further analysis. A computer-generated acoustic signal was fed to the subject via headphones to provide an audio cue for the cyclical exertions of pressure during the active plantarflexions. The servomotor was programmed to limit the range of movement to 30°(approximately from Ϫ10°of dorsi-to ϩ20 of plantarflexion). Each of the phase-encoding levels that are required for the acquisition of MR images was gated by a trigger pulse produced by the program driving the servomotor at two preset values of foot position, one at maximum plantarflexion and a second one at maximum dorsiflexion. The first set of acquisition was acquired with passive movement of the foot with a total of ϳ70 cycles. Subsequently, our participants were asked to perform three consecutive maximum voluntary contractions (MVC), interspersed by ϳ45 s of passive recovery. A second set of images was then acquired while the plantarflexor muscles were actively contracting at an intensity corresponding to 40% of the voltage changes measured during MVC.
Image analyses. By use of the sagittal-plane localizers, the sectional plane giving the best overview of the anatomical structures of interest, including myotendinous junction (MTJ), inflection point (IP), and calcaneus (C), was determined. Twenty-two images/contraction cycle were produced in this plane by the above imaging protocol and analyzed using indigenously built algorithms using Matlab (MATLAB R2012b, Mathworks, Natick, MA) and Osirix (Osirix Medical Imaging Software v.5.5.2, Osirix, Atlanta, GA). The early triggered acquisition was able to visualize the deformations of the tag lines in the early part, whereas the late-triggered acquisition allowed visualization of the late part of plantarflexion.
Using the MRI taglines as landmarks, markers were manually superimposed on the MR images (as shown in Fig. 1 ) to identify the position of the most proximal end of the AT (i.e., MTJ), IP, and insertion into C as well as the ankle's center of rotation (COR), assumed to coincide with the midpoint of a circle fitted around the talus (10) . The position of another easily identifiable point on the tibia (T), just proximal of the talotibial joint, was also digitized to correct the positions of the above-mentioned structures for inadvertent movements of the lower leg.
The corrected marker positions of COR, MTJ, IP, and C were then used to calculate the distances between these points and their Euclidian displacements during plantarflexion, the AT angle (␣) enclosed by the lines MTJ-IP and IP-C as well as the length of the AT moment arm, defined as the perpendicular distance between the ankle's COR and the line IP-C. Mechanical gains were calculated as the fraction of the displacements of C and MTJ. The angle enclosed by the vector COR-C and the vertical was measured to determine the degree of joint rotation and, thus, verify the range of movement externally preset by the dynamometer. To provide a more familiar measure of ankle position, the most acute angle, measured with the ankle held in fully dorsiflexed position, was defined to represent an ankle angle of Ϫ10°.
All measures obtained were summarized by descriptive statistics, and Pearson's coefficients were calculated for correlational analyses. Unless otherwise stated, results are reported as means Ϯ SD.
RESULTS
On average, tendon curvature increased linearly as the foot was passively rotated through a 30°range of motion from a dorsi-to a plantarflexed joint position. This observation is reflected as a decrease in the AT angles ␣, enclosed by the two sections of the tendon defined (lines MTJ-IP and IP-C) from 177.1 Ϯ 3.4°to 165.7 Ϯ 7.4°(180°representing a straight tendon). Very similar values for ␣ were measured during active plantarflexion (176.9 Ϯ 4.2°to 166.9 Ϯ 8.8°). Figure 2 shows the relationship between joint position and AT angle ␣ (data represent average measures obtained during active contraction).
Consistent with the increasing tendon curvature, the distance between the MTJ and the tendon's point of insertion on the C decreased from 86.9 Ϯ 9.1 to 83.7 Ϯ 11.2 mm (Ϫ3.7%) and from 86.8 Ϯ 9.1 to 83.4 Ϯ 8.5 mm (Ϫ3.9%) during passive rotation and active contraction, respectively. Similarly, the total tendon length, calculated as the sum of the distances between MTJ-IP and IP-C, decreased from 87.0 Ϯ 9.2 to 84.5 Ϯ 11.4 mm (passive rotation, Ϫ2.9%) and from 86.9 Ϯ 9.2 to 84.0 Ϯ 8.8 mm (active contraction, Ϫ3.3%), respectively. Interestingly, however, large intersubject variability was observed for all measures of tendon morphology. Tendon curvature, as measured at a fully plantarflexed joint, ranged from 156.9°to 180°and 154.6°to 179.1°, respectively. Similarly, the changes in the distance between MTJ and C (range: 0.4 -13.3 mm and 0.1-9.7 mm) and in total tendon length (range: 0.0 -9.3 and 0.4 -13.0 mm) differed strongly between individuals.
As a consequence of the rotational movement of the calcaneus, moment arm lengths increased gradually as the foot rotated from a dorsi-to a plantarflexed joint position. Comparison of corrected (i.e., the tendon is represented by two lines intersecting at an angle to each other) and uncorrected (i.e., the tendon is represented by a straight line between C and MTJ) moment arm lengths showed that moment arms were always shorter if tendon curvature was accounted for, with the differences being smallest during muscular contraction at dorsiflexed joint positions (1.3% difference) and largest at plantarflexed joint positions at rest (4.8% difference). Figure 3 shows the corrected and uncorrected measures of moment arm length obtained during passive joint rotation and active contraction of the plantarflexor muscles.
During the rotation of the foot, substantial movement of the tendon's IP was observed in the caudocranial direction. By use of point T on the tibia as reference, the vertical position of the IP was found to change by 11.7 Ϯ 5.2 and 11.0 Ϯ 9.8 mm during passive joint rotation and active contraction, respectively.
Over the entire range of movement, mechanical gains, calculated as the ratio of the displacement of point C on the calcaneus divided by the displacement of the MTJ junction, were 1.4 Ϯ 0.3 and 1.5 Ϯ 0.2 during passive joint rotation and active contraction, respectively. Correlational analyses revealed that, during passive joint rotation, mechanical gains tended to increase with larger degrees of tendon shortening (r ϭ 0.75, P ϭ 0.08). No correlation between tendon shortening and mechanical gains was found for the data obtained in the active trials (r ϭ Ϫ0.11, P ϭ 0.84). For closer scrutiny, mechanical gains were independently calculated for three subsets of data, representing the early (ankle rotation from Ϫ10 -0°), mid (0 -10°), and late (10 -20°) phase of the plantarflexion movement. These analyses revealed that the calcaneus traveled a larger distance than the MTJ during the entire plantarflexion movement, resulting in mechanical gains that were always greater than 1. However, the mechanical advantages observed were relatively smallest in the dorsiflexed position (mechanical gains of 1.2 and 1.3 during passive joint rotation and active contraction, respectively) and increased during the later phases of movement (mechanical gains of 1.7; see Fig. 4 ).
DISCUSSION
In the present study, we aimed to investigate the dorsoventral curvature of the AT and its role in the mechanical ampli- fication of the shortening of the plantarflexor muscles. Our data show that 1) significant deflection of the AT, resulting in two sections of tendon being at a slight angle to each other (ϳ166°), is evident in plantar-but not in dorsiflexed joint positions; 2) failure to account for AT curvature may lead to overestimation of AT moment arms; and 3) tendon elasticity and ankle geometry amplify movements initiated by muscular shortening such that the overall displacement of the calcaneus is amplified from that of the displacement of the MTJ by ϳ37%.
One obvious consequence of a progressive AT curvature in the dorsoventral plane is that the distance between the MTJ and the calcaneus decreases, thus increasing the movement of the calcaneus relative to the MTJ. This is equivalent to shortening the AT moment arm relative to the lever arm defined by the ankle's COR and the tendon's point of insertion on the C. In our sample, AT moment arm and lever arm lengths differed by ϳ15-18%, during active contraction and passive joint rotation, respectively. Not accounting for AT curvature, Maganaris and colleagues (9) reported 22-27% differences in moment arm length estimates based on either measurements of the distance between the ankle's COR and the tendon's line of action or the excursion of the calcaneus. Mechanical amplification of calcaneus movement caused by AT curvature may account for these deviating findings.
Consistent with earlier data (9, 18), we found AT moment arm length to increase during rotation of the foot from a dorsito a plantarflexed joint position, despite of the increasing tendon curvature. This is to be expected as the calcaneus rotates along an arc around the ankle COR, thus increasing its distance to the COR. The dimension of the joint-angle associated differences between maximum and minimum moment arm length, however, were somewhat smaller in our study (ϳ17-22%) compared with the ϳ30% differences previously reported (9) , suggesting that the increasing AT curvature observed in our study partly counters the increase in AT moment arm occurring with plantarflexion. Curvature of the tendon, which starts partway through a plantarflexion movement and then increases with further plantarflexion, moves the tendon closer to the ankle COR, thus decreasing the AT moment arm in these plantarflexed positions. This effect of tendon curvature thus acts to oppose the changes of moment arm length resulting from the rotational movement of the calcaneus around the ankle, thereby reducing the overall change in ankle mechanics attributable to ankle rotation. As our data demonstrate (see Fig.  3 ), differences between corrected and uncorrected moment arms may amount to 5% of moment arm length. Failure to account for AT curvature, therefore, leads to overestimation of AT moment arms. At the same time, the commonly performed measurements of the shortest distance between MTJ and the tendon's insertion on the C underestimate the true tendon length. Although we found the differences between corrected and uncorrected AT length to range between 0 and 2 mm (dependent on joint position), which is considerably below the 5 mm Stosic and Finni (23) recently reported based on their kinematic analyses of external markers placed along the line of the AT, these differences may still bias in vivo strain measurements of tendons and aponeuroses (1, 23) .
The AT curvature-associated reduction in moment arm length may also have interesting implications for the contractile behavior of the plantarflexor muscles. With shorter tendon moment arms, muscles need to shorten less to induce a given displacement at the calcaneus. Consequently, muscle fascicles may also shorten at lower velocities and thus operate in more advantageous regions of their force-velocity curve (14) . Limiting the increase in moment arm length during plantarflexion, AT curvature may therefore provide more favorable conditions for movements of greater amplitude and help economize movements when force demands are low, as is the case during locomotion. The progressive straightening of the tendon observed during joint rotation toward dorsiflexed joint positions, by contrast, counters the implicit reduction in moment arm length, thus favoring the ability to generate greater torques around the ankle joint. Combined with the plantarflexor muscles' length-tension relationship and the overall geometry of the ankle joint, the presence or lack of AT curvature therefore directly affects the ankle's torque-angle relationship, which typically peaks in strongly dorsiflexed joint positions (3).
The mechanical gains at the ankle, calculated as the ratio of calcaneus displacement divided by the displacement of the myotendinous junction, were always at or above unity (average gains of 1.4 -1.5). The most obvious factor that may affect the degree of calcaneal movement distal of the MTJ is tendon elasticity. Any shortening of the AT during joint rotation from a dorsi-to a plantarflexed position might contribute to the movement induced by muscular shortening and, thus, increase the movement of the calcaneus relative to the MTJ. Indeed, we observed a net shortening of the AT of ϳ3% under both passive and active conditions, indicating that the AT is under relatively greater tension at dorsiflexed joint positions and gradually recoils to shorter lengths during plantarflexion. During passive joint rotation, the degree of AT shortening appeared to be quantitatively related to the mechanical gains observed (r ϭ Ϫ0.75), suggesting that greater length changes of the tendon would facilitate greater amplification of calcaneal movement. During active contraction of the plantarflexor muscles, by contrast, no linear relationship between AT recoil and mechanical gains was observed (r ϭ 0.11). This result demonstrates that during active contraction of the plantarflexor muscles, the elastic shortening of the tendon is not translated into augmented calcaneal movement. An explanation for this unexpected behavior may lie in length changes of the muscle fascicles.
Tendon recoil was most pronounced in the latest phase of the movement (near the turning point in maximal plantarflexion), coinciding with a decrease in the strength of muscular contraction. It is plausible to assume that the shortening of the tendon was (partly) taken up by muscle fascicles, which on their part got stretched as contractile forces decreased (15) .
The finding that the mechanical gains at the ankle must not solely be attributed to tendon elasticity suggests that the arrangement of the anatomical structures constituting the ankle joint amplifies the movements induced by muscular shortening, particularly during active contraction of the plantarflexor muscles. Although this observation is notable per se, it is striking that the mechanical gains observed were smallest in dorsiflexed joint positions where intuition would suggest that the relatively short moment arm length would favor high-velocity joint rotations. A possible explanation for this apparently paradoxical finding is provided by Hodgson et al. (6) , who, introducing the concept of a so-far unrecognized, rigid constraint restricting the posterior migration of the AT, predicted an increased gain at more plantarflexed joint positions. A restriction on dorsal tendon movement would indeed introduce a progressively increasing bend in the AT with increasing plantarflexion, which is in agreement with our observations (see Fig. 2 ). In addition to Hodgson's predictions (6), we observed significant movement of the AT's IP in the caudocranial direction, amounting to ϳ1 cm during plantarflexion. This implies that any structure bending the AT would have to exhibit considerable compliance. In agreement with this reasoning, the tendon rather appears as a straight line on sagittal-plane MR images of the plantarflexed ankle acquired during MVC (9). Hence, it is possible that the proposed structure surrounding the AT could resist lower contractile forces (contractions at 40% of MVC in our study), whereas stronger muscular efforts would overcome this passive resistance, forcing the AT to describe a straight line. However, variability among our subjects suggests that morphological differences cannot be ruled out as an explanation for differences between these different loading conditions.
A further potential consideration in ankle morphology may be the susceptibility to tendon injuries. The effective decrease in moment arm as a result of tendon displacement results in less shortening of the muscle for a given displacement at the calcaneus. Conversely, to accomplish the same amount of work associated with ankle rotation, force in the AT must increase, thus resulting in higher muscle loading. One potential hazard accompanying this mechanism is that individuals with greater tendon curvature would have effectively shorter moment arms, leading to higher forces on the AT for a given reaction force. Potentially, excessive tendon curvature may therefore be a risk factor for AT injuries. Additional research is required to test these hypotheses.
In summary, therefore, by using the noninvasive method of spin-tag MR imaging, we were able to study in vivo the relative amplification of the movement of the C with respect to that of the MTJ during both passive and active plantarflexion movements. Our data demonstrate that, particularly during active contraction of the plantarflexor muscles, the ankle geometry strongly amplifies the effects of muscular shortening in the conversion into joint rotation. Specifically, we observed an increasing curvature of the AT in plantarflexed joint positions, which reduces tendon moment arms and favors high-velocity joint rotations. Although these studies would have been ideal under dynamic weight-bearing conditions, present state-of-theart MR scanners, even "stand-up vertical magnets," as well as the fact that the execution of ϳ70 joint rotations at consistent movement velocity would pose a major challenge, do not allow experimentation under such conditions. Therefore our results were obtained under nonweight-bearing conditions only.
